hi /f^> 10/522792 
wo 0T15 km WUW 1 2005 



Low Voltage, Two-Level, Six-pulse Induction Motor Controller Driving a Medium-to- 
High Voltage, Three-or-More-Level AC Drive Inverter Bridge 



BACKGROUND OF THE INVENTION 

[0001] Priority is claimed from U.S. Provisional Application 60/399,355 filed July 31, 
2002, and U.S. Provisional Application 60/453,817 filed March 12, 2003, both provisional 
applications being incorporated herein by reference. 

1. Field of the Invention 

[0002] Operation of an induction motor using a three-or-more level inverter bridge 
operating under the control of a controller designed for two-level inverter bridges. 

2. Description of the Related Art 

[0003] Induction motor drives, also called AC (alternating current) drives are used to 
control the speed and torque of multiphase induction motors, which for a long time have been 
the workhorse of the industry. 

[0004] Today's AC drives can be divided into two categories: low-voltage and medium- 
voltage. The low-voltage AC drives are widely used and cover the 0VAC to 600VAC range. 
Low-voltage AC drives are manufactured by almost five hundred companies around the 
world. Medium- voltage AC drives cover input line voltages above 660 VAC and up to 
15, 000 VAC. Only about a half dozen companies design and produce medium- voltage AC 
drives. High-voltage AC drives cover voltages of 15,000V AC and higher, but are very 

uncommon compared to low- voltage and medium- voltage AC drives. Recently, the auto 
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industry and some other special applications requiring low output voltage harmonics are 

considering the use of multilevel inverter bridges for low voltage motors. This invention 
addresses this case as well. 

[0005] Until recently, power semiconductor switches were rated at a maximum of 
1,700V, which has allowed the low voltage three-phase AC drives to use a six switch inverter 
bridge. Today, state-of-the-art semiconductor switches are rated at 2,500V, 3,300V, 4,500V, 
6,500V and can be used in a two-level six-switch inverter bridge having up to a 2,000V AC 
input. Above 2,000VAC, the inverter bridge requires a greater number of power 
semiconductor switches connected in series. The most popular inverter topology for three- 
phase medium- voltage induction motors of up to 4,000V is a three-level twelve-switch 
inverter bridge. 

[0006] The number of levels in an inverter bridge defines the number of direct current 
(DC) voltage steps that are required by the inverter bridge in order to achieve a certain voltage 
level in its output. Because power semiconductor switches have limited voltage capability, 
the total DC bus voltage of an inverter bridge is divided into a number of voltage steps, such 
that each voltage step can be handled by one power switch. 

[0007] As illustrated in FIG. 1, in a conventional two-level AC drive, three-phase AC 
power (R, S, T), after passing through an optional input line reactor 80, is rectified by rectifier 
10 and capacitor 20 to form a two-level DC bus. Depending on the design approach, input 
harmonics on the DC bus may be further reduced by a DC reactor 81. The two-level DC bus 
voltage is applied across the six-switch inverter bridge which produces a two-level PWM 
voltage output. 

[0008] The six switches are divided into three branches with two switches each (30-31, 
32-33, and 34-35). A controller (not shown) controls each switch via the control terminals 
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50-55 of each switch. The three-phase motor 90 has a phase connection derived from the 

middle point (71, 72, 73, respectively) between two switches of a branch, and the three 

branches produce three phases which collectively drive the motor. 

[0009] The two-levels of the DC bus constitute a positive bus and a negative bus. The 

top switch of each branch is connected to the positive bus and the bottom switch is tied to the 

negative bus. The two switches in a branch are in series (for example, switch 30 and switch 

31) and therefore can not be turned-on at the same time without causing a short-circuit. In 

order to prevent short-circuit, switch delay times must be taken into consideration by the 

controller. The top switch needs to turn-off before the bottom one tums-on, and vice- versa. 

Each of the switches has to be able to handle the full voltage between the positive and 

negative busses. 

[0010] In comparison to the two-level drive, in a three-level AC drive, as illustrated in 
FIG. 2, the DC bus has three voltage levels (relatively labeled positive, neutral, and negative), 
and the inverter bridge has twelve switches 130-141. The switches 130-141 are divided into 
three equal branches, each branch connecting to one phase of the three-phase motor 190. 
Thus, each branch has four switches in series (130-133, 134-137, and 138-141), and each 
connection to the motor 190 is derived from a middle point 171-173. 

[0011] The top two switches of each branch are connected to the positive bus and behave 
like one switch, but they can not be turned on or off at the same time. The switch at the very 
top {e.g., switch 130) is turned-on after and tumed-off before the other switch (e.g., switch 
131), in the top pair. The bottom two switches of each branch are connected to the negative 
bus. The switch at the very bottom {e.g., switch 133) has to be turned-on after, and tumed-off 
before, the other switch of the bottom pair (e.g., switch 132). The switches are controlled by 
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signals applied via terminals 150-161. Here again, switch delay times must be taken into 

consideration to prevent short circuit. 

[0012] For further comparison, a single branch (i.e., phase) of three, four, and five level 
inverter are shown in FIGS. 3 A, 3B, and 3C, respectively. 

[0013] The ability to utilize multiple levels has the benefit of producing an output voltage 
with lower harmonic distortion, in addition to providing higher output voltages with lower 
voltage-rated power switches. For example, a three-level inverter has lower voltage harmonic 
distortion than a two-level inverter bridge. 

[0014] A drawback of a three-level inverter is that while a two-level inverter bridge 
requires only six semiconductor power switches, a three-level inverter bridge requires twelve 
switches, thereby increasing costs. These costs continue to increase as additional levels are 
utilized: a four-level inverter requires eighteen switches and a five-level inverter requires 
twenty-four switches. 

[0015] Further increasing costs is that as the number of levels and switches in the inverter 
bridge is increased, the complexity of controlling the switches also increases. The signals that 
drive the switches need to be carefully timed-otherwise the switches may be damaged or 
destroyed. This complexity increases the costs of controllers used with multiple-level 
inverters. 

[0016] Accordingly, a cost-benefit analysis typically results in multiple-level inverters 
being used only when the output voltages, harmonics and power requirements exceed the 
capabilities of two-level inverters. A side-effect of this result is that controllers for multiple- 
level drives are produced in much lower volume. 

[0017] Any induction motor drive has to control the motor and additionally perform a 
large number of interfacing tasks such as: communicating diagnostics information; receiving 
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control input from an operator and/or a host or slave process computer; receiving commands 

from the drive application; performing external control functions; and/or serving as a 

communications gateway by interfacing different serial communications protocols. These 

functions are all in addition to motor control, and demand large amounts of expertise and 

resources to be developed. As a result of the lower volumes, controllers for multiple-level 

systems used with medium-and-high voltage drives are more expensive and typically offer 

less-or-lirnited interfacing capabilities than corresponding controllers for two-level systems 

produced for low voltage AC drives. Unfortunately, common two-level modulator signals 

from a low- voltage induction motor controllers are not suitable for the control of multi-level 

inverter bridges. 

[0018] Even so, to be able to utilize existing "off-the-shelf low voltage controllers to 
control multiple-level inverter bridges would shorten development cycles and speed up 
product availability of medium-and-high voltage AC drives. A further advantage with this 
approach is that because low-voltage drives are produced in large volumes, the cost of the 
two-level controllers is optimized and the circuitry of the controllers is of superior quality and 
reliability. 



SUMMARY OF THE INVENTION 

[0019] The present invention allows "off-the-shelf controllers designed for use with a 
two-level inverter bridge to drive inverter bridges having three-or-more levels. As used 
herein, "multiple levels" is defined to mean "three-or-more levels." Signals from an ordinary 
induction motor controller or a two-level induction motor controller are used to drive the 
twelve switches of a three-level inverter bridge, or drive inverters with larger number of 
levels, as are used in medium-and-high voltage applications. 
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[0020] A first aspect of the invention is a method of controlling a multiple-level inverter 
bridge with a two-level induction motor controller, the two-level induction motor controller 
outputting six modulated signals for controlling switching of six switches in a two-level 
inverter bridge. The method includes converting the six modulated signals into twelve-or- 
more time-coordinated signals, and controlling the corresponding twelve-or-more switches of 
the multiple-level inverter bridge by applying the time-coordinated signals. 

[0021] A second aspect of the invention is an adapter circuit that generates the twelve-or- 
more time-coordinated signals needed for controlling a multiple-level inverter bridge, based 
upon the six modulated signals output from a two-level induction motor controller. The 
electronic circuit comprises: three pairs of modulated signal inputs, whereby the six 
modulated signals from the two-level induction motor controller are input into the circuit; 
three sets of time-coordinated signal outputs, each set of time-coordinated signals being timed 
to control the switches of a branch of the multiple-level inverter bridge; and timing circuitry 
that generates each set of time-coordinated output signals from a respective pair of the 
modulated input signals, adding at least a turn-on delay or turn-off delay to each modulated 
input signal. The time-coordinated signals are arranged so that for each branch-set, never- 
less-than one-half of the switches in the multiple-level inverter bridge are off. The timing 
circuitry can be implemented using analog circuits, digital circuits, a Digital Signal Processor 
(DSP), or a microprocessor. 

[0022] A third aspect of the invention is a system for driving a three-phase motor, the 
system comprising: a two-level induction motor controller, outputting signals for controlling 
a two-level inverter bridge; a multiple-level inverter bridge, having twelve or more switches 
divided into three branches, each branch providing one phase of a three-phase output for 
driving the three-phase motor; and an electronic circuit, generating twelve-or-more time- 
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coordinated signals from the signals output by the two-level induction motor controller 

modulator. The twelve-or-more signals control the twelve-or-more switches of the multiple- 
level inverter bridge. 

[0023] A fourth aspect of the invention is a method of controlling a multiple-level 
inverter bridge with command signals output from a two-level induction motor controller. 
The command signals are ordinarily used for regulating a three-phase motor. In an 
embodiment of this invention, they are passed via a serial or parallel port to a separate circuit 
containing at least one multilevel modulator. Preferably, the motor controller utilizes vector 
control, vector command signals being used for regulating speed and torque of the motor. 
The command signals are mathematically transformed to suit the type of modulator used. 
Other types of control, such as scalar control may also be used. In any case, the method 
includes generating twelve-or-more time-coordinated signals based upon the command 
signals, by inputting them into a multilevel modulator of any type, and controlling a 
corresponding twelve-or-more switches of the multiple-level inverter bridge. 

[0024] Further aspects, object and advantages will be set forth in the detailed description 
that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 illustrates a circuit diagram for a conventional two-level inverter. 

[0026] FIG. 2 illustrates a circuit diagram for a three-level inverter, as used 
conventionally and with the present invention. 

[0027] FIGS. 3 A-3C respectively illustrate a single branch of three, four, and five level 
inverters. 

[0028] FIGS. 4A-4C respectively illustrate the allowed switching states for the switches 
of one branch of three, four, and five-level inverter bridges. 
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[0029] FIG. 5 illustrates steps for implementing a first variation of the invention, 
converting six modulated signals output from a two-level induction motor controller into 
twelve-or-rnore signals, and controlling twelve-or-more switches of a multiple-level inverter 
bridge with the twelve-or-more signals. 

[0030] FIG. 6 further illustrates steps for implementing a first variation of the invention, 
converting two-of-six modulated signals (one pair) output from a two-level induction motor 
controller into time-coordinated signals, and controlling the switches of one branch of a 
multiple-level inverter bridge with the time-coordinated signals. 

[0031] FIGS. 7A-7D illustrate a first procedure for converting (Le., step 600 from FIG. 6) 
a pair of the modulated signals output from the two-level induction motor controller into 
time-coordinated signals for controlling the switches of one branch of a multiple-level 
inverter bridge. 

[0032] FIGS. 8 A and 8B illustrate an exemplary sequential implementation of the 
procedure of FIGS. 7A-7D. 

[0033] FIGS. 9 A and 9B illustrate another exemplary sequential implementation of the 
procedure of FIGS. 7A-7D. 

[0034] FIG. 10 illustrates a second procedure for converting (i.e., step 600 from FIG. 6) a 
pair of the modulated signals output from the two-level induction motor controller into time- 
coordinated signals for controlling the switches of one branch of a multiple-level inverter 
bridge. 

[0035] FIG. 1 1 is an exemplary implementation of the procedure of FIG. 10, converting a 
pair of the modulated signals output from a two-level induction motor controller into four 
time-coordinated signals for controlling four switches of one branch of a three-level inverter 
bridge. 
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[0036] FIG. 12 is an exemplary implementation of the procedure of FIG. 10, converting a 

pair of the modulated signals output from a two-level induction motor controller into six 

time-coordinated signals for controlling six switches of one branch of a four-level inverter 

bridge. 

[0037] FIG. 13 is an exemplary implementation of the procedure of FIG. 10, converting a 
pair of the modulated signals output from a two-level induction motor controller into eight 
time-coordinated signals for controlling eight switches of one branch of a five-level inverter 
bridge. 

[0038] FIG. 14 is a signal-generation timing diagram illustrating turn-on and turn-off 
delays added to a pair of the modulated signals in order to generate the time-coordinated 
signals for controlling the switches of a branch of a three-level inverter bridge. 

[0039] FIG. 15 is a signal-generation timing diagram illustrating turn-on and turn-off 
delays added to a pair of the modulated signals in order to generate the time-coordinated 
signals for controlling the switches of a branch of a four-level inverter bridge. 

[0040] FIG. 16 is a signal-generation timing diagram illustrating turn-on and turn-off 
delays added to a pair of the modulated signals in order to generate the time-coordinated 
signals for controlling the switches of a branch of a five-level inverter bridge. 

[0041] FIGS. 17A-17P are circuit diagrams of a CPU) program which realizes the timing 
functions as illustrated in FIG. 14, and including control and fault coordination functions. 

[0042] FIG. 18 illustrates a signal flow within an induction motor drive system 
implementing the first variation of the invention. 

[0043] FIG. 19 is a block diagram of an induction motor drive system implementing the 
first variation of the invention with a three-level inverter bridge. 
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[0044] FIG. 20 A illustrates process steps for implementing a second variation of the 

invention utilizing vector control, converting vector control data from a two-level induction 

motor controller into the twelve-or-more signals needed to control the twelve-or-more 

switches of the multiple-level inverter bridge. 

[0045] FIG. 20B illustrates process steps for implementing a second variation of the 
invention utilizing scalar control, converting scalar control data from a two-level induction 
motor controller into the twelve-or-more signals needed to control the twelve-or-more 
switches of the multiple-level inverter bridge. *~ 

[0046] FIG. 21 illustrates a signal flow within an induction motor drive system 
implementing the second variation of the invention. 

[0047] FIG. 22 is a block diagram of an induction motor drive system implementing the 
second variation of the invention with a three-level inverter bridge. 

[0048] FIGS. 23A-23C demonstrate sine-triangle comparison modulation for a two-level 
system. 

[0049] FIG. 24 illustrates two-level phase-to-phase (or line-to-line) voltage for the sine- 
triangle modulation scheme of FIGS. 23B and 23C, with an overlaid imaginary fundamental 
component. 

[0050] FIG. 25 is a spectrum analysis for the two-level phase-to-phase (or line-to-line) 
output voltage of FIG. 24. 

[0051] FIG. 26A illustrates a set of four-level sine-triangle modulation carrier waveforms 
and the sine wave resulting from the modulation. 

[0052] FIG. 26B illustrates the switching states of the phase output voltage from a four- 
level inverter bridge, for the sine wave of FIG. 26A. 
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[0053] FIG. 27 A illustrates the phase voltage output of a three-level inverter bridge when 

implementing the second variation of the invention with a three-level system. 

[0054] FIG. 27B illustrates the line-to-line voltage output of a three-level inverter bridge 
when implementing the second variation of the invention with a three-level system. 

[0055] FIG. 27C illustrates the line current output of a three-level inverter bridge when 
implementing the second variation of the invention with a three-level system. 

[0056] FIG. 28 illustrates exemplary analog-based time-delay and gate logic circuitry. 

[0057] FIGS. 29 A and 29B illustrate conventional vector-based controllers connected to 
an external inverter and AC motor, showing internal signaling aspects of the controllers. 

[0058] FIGS. 30A-30D illustrate exemplary embodiments of the modulator adapter 
circuit of the second variation of the invention, connected to a conventional motor controller. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0059] As is known in the ait, specialized circuits called pulse-width modulators are part 
of ordinary induction motor drive controllers. In a low voltage drive system (i.e., 0 — 600V), 
the output of these modulators is used to directly control the six switches of the two-level 
inverter bridge. For example, referring to FIG. 1, the output of the six pulse- width 
modulators of the controller would be applied to the two-level inverter bridge via tenninals 
50-55. These modulators derive the pulse-width modulated signals from voltage (or current) 
and phase input signals that come from a speed and torque control devices of the motor 
controller. Exemplar}' controllers are field oriented, vector control, or a simple open-loop 
voltage controllers. Examples of common modulation methods are sine-triangle comparison, 
space vector, and third harmonic injection methods. 
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[0060] In this invention, the proper sequence and timing of switching for a multiple-level 
inverter bridge are preferably based in-part upon either the outputs of the six pulse-width 
modulators (first variation), or the outputs of the speed and torque control devices (second 
variation). Consideration is given to the position and delay times of each switch of the 
multiple-level inverter bridge. 

[0061] Throughout this disclosure, variables are used to simplify explanation. The 
variable "N" is used interchangeably as the number switches in the multiple-level inverter, 
and as the number of signals used to control the multiple level inverter bridge. Typically, if a 
multiple-level inverter bridge has "L" levels, then N = 6(L - 1). Another variable used is "b," 
which is always 1, 2, or 3, and refers the branches of an inverter bridge, or a set of signals 
intended to control a branch of an inverter bridge. Both the switch and the signal controlling 
the switch are referred to interchangeably {i.e., S„). The delay value At b is at least as long as a 
turn-off delay time of a switch with a longest turn-off delay time of the N/3 switches in a 
branch b of the multiple-level inverter bridge. The inverter switches shown in the figures 
each comprise a transistor, but inverters can be used having any type of switch that has 
appropriate voltage and switching characteristics. 

[0062] Referring to the three-level inverter bridge of FIG. 2 as an example, a summary of 
the operating switching states follows. Switches 130-133, which form a branch of the three- 
level inverter bridge, will be referred to as S,-S 4 . This arrangement is also illustrated in FIG. 
3A. The schema discussed for S x -S 4 equally applies to the other branches-discussion being 
limited to an exemplary branch for the purpose of brevity. 
[0063] The switches are allowed to assume one of the three following states: 

1) Si and S 2 are off, S 3 and S 4 are on; 

2) S 2 and S 3 are on, St and S 4 are off; 
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3) Si and S2 are on, S 3 and S 4 are off. 

[0064] These states are reflected in the table provided as FIG. 4A. The allowed switching 

states for a branch of four and five-level inverter bridges are provided in FIGS. 4B and 4C, 

respectively. 

[0065] It can be seen that the DC voltage V dc is never applied to less than one-half of the 
switches connected is series, which permits the voltage to be as high as twice the voltage 
rating of each individual switch. In other words, for each branch b, never-less-than N/6 of the 
time coordinated signals/switches S ib to S (N /3) b have a logical-off state. 

[0066] How the proper sequence and timing of switching for the multiple-level inverter 
bridge are derived depends upon the particular variation of the invention implemented. 

[0067] The first variation enables any two-level induction motor controller to drive a 
multiple-level medium-or-high voltage inverter bridge by producing quasi-two-level output 
voltages from a three-level inverter bridge. The six modulated signals generated by a two- 
level controller are time-resequenced to produce the twelve-or-more time-coordinated signals 
needed to control the multiple-level inverter bridge, taking into account the position and delay 
times of a switch in the multilevel inverter bridge. This variation results in the multiple-level 
inverter bridge producing a two-level voltage output and therefore does not take advantage of 
the lower harmonic distortion that is possible with a multiple-level inverter bridge. This 
variation is adequate for many applications, in particular for motors up to 750HP. 

[0068] The second variation utilizes command signals ordinarily utilized within an 
ordinary induction controller. Preferably, the control method is vector control, in which case 
only the flux and torque control devices inside the ordinary induction motor controller are 
utilized by transmitting their output signals or a mathematically transformation of their output 
(a. k. a. vector control data) to an external control circuit having a multi -level modulator (i.e., 
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the ordinary induction motor controller sends its most suitable set of signals for the external 
multilevel modulator via an interface port to an external circuit which contains also an 
interface port and a three-or-more level (multilevel) modulator). The external control 
circuit's multilevel modulator drives the power switches of a medium or high voltage inverter 
bridge. This variation enables existing low voltage and two-level induction motor controllers 
to drive a medium or high voltage multi-level inverter bridge. The advantage of this variation 
is that a three-level output voltage waveform is produced with the lower voltage harmonic 
content. This approach also decouples the switching frequency of the existing controller, 
such that a target switching frequency can be optimized for the high voltage semiconductor 
switches in the multiple-level inverter bridge. The higher the rated-voltage is for a switch, the 
lower that the switching frequency needs to be to achieve the switch's rated output power. 

[0069] In both variations, the twelve-or-more power switches of the inverter turn on-and- 
off with varying duty cycles in order to produce balanced three-phase sinusoidal-current 
waveforms when the output from the switches is applied to a three-phase inductive load, such 
as an induction motor. 

FIRST VARIATION 

[0070] The embodiments directed to the first variation of the invention utilize the six 
pulse-width-modulated driving signals from an ordinary controller two-level modulator to 
control a multiple-level inverter bridge. This is accomplished by breaking apart the two-level 
modulator's six signals into the multiple time-coordinated signals required by the three-or- 
more level inverter bridge, taking into consideration the position of the respective switch 
inside the multiple-level inverter bridge and a switch's turn-on and/or turn-off delay times. 
The position of the switch inside the multiple-level inverter bridge determines the overall 
timing of the signal applied to the switch. 
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[0071] The first embodiment is a method for implementing this first variation of the 

invention. As illustrated in FIG. 5, the six modulated signals are converted into N time- 
coordinated signals (step 500), the N time-coordinated signals being used to control the N 
switches of a multiple-level inverter bridge (step 510). As illustrated, there is a three-phase, 
pulse- width modulated output. As explained above, it is required that when the six 
modulated signals are converted into N time-coordinated signals, for each branch b, never- 
less-than N/6 of the time coordinated signals have a logical-off state. 

[0072] Since the six modulated signals were originally intended to control three branches 
of two switches each (FIG. 1), the six modulated signals can be further characterized as being 
three pairs of modulated signals Ai b and A 2b . If these modulated signals were used to control 
a two-level inverter bridge, each pair would control one of the three branches of the two-level 
bridge. That is, each pair would control one phase of a three-phase output. 

[0073] Preferably, as illustrated in FIG. 6, each pair of modulated signals A !b and A 2 b are 
converted into N/3 time-coordinated signals S ib to S(N/3)b (step 600). The timing of each 
time-coordinated signal Si b to S (N /3) b varies based on at least a delay time of the switches of 
the multiple-level inverter bridge. The N/3 time-coordinated signals are then used to control 
the switches of one of the three branches of the multiple-level inverter bridge (step 610). 

[0074] Conversion of the modulated signals into time-coordinated signals is further 
defined by applying a rule-based procedures 

[0075] A first procedure is illustrated in FIGS. 7A-7D. For time-coordinated signals S ib 
to S(N/6)t> 5 each S yb has a logical-on state after, and a logical-off state before, S (y+ i) b , and for 
time-coordinated signals S ( N/3)b to S(N/6+i)t>, each S zb has a logical-on state after, and a logical- 
off state before, S (z -i )b . The value y is a series of integers from 1 to (N/6-1), and z is a series 
of integers from (N/6+2) to (N/3). 
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[0076] To better understand this procedure, consider an example a five-level inverter 

system. A branch of such a system, as illustrated in FIG. 3C, has eight switches (Si-S 8 ). This 

results in a total of 24 switches (N = 24). Therefore, as defined, y = 1 to 3. 

[0077] The portion of the procedure responsible for transitioning time-coordinated signals 
Sib to S(N/o)b switches Si to S 4 of the branch in FIG. 3C) from off to on is FIG. 7A. 
When S 4 transitions from logical-off to logical-on, step 703 is true. After a delay (704), S 3 is 
set from a logical-off state to a logical-on state (705). Now of course, S3 has transitioned 
from off-to-on, such that step 703 is again true, but now because of S3. So after a delay (704), 
S 2 is set from a logical-off state to a logical-on state. This sequence continues until finally Si 
is set from a logical-off state to a logical-on state, at which point, since there are no further 
signal transitions to trigger step 703. 

[0078] As illustrated, the initial triggering event is the transition of modulated signal Ai 
from a logical-off to a logical-on (701), triggering S^) to transition from off-to-on (702). 

[0079] The portions of the procedure illustrated in FIGS. 7B-7D operate in a similar 
manner. FIG. 7B (711-715) is the portion of the procedure responsible for transitioning Si b to 
S ( N/6)b from logical-off to logical-on; FIG. 7C (721-725) handles transitioning S(N/6+i)b to S(n/3) 
from off-to-on; and FIG. 7D (731-735) handles transition S(N/6+i)b to S(n/ 3 ) from on-to-off. 

[0080] Note that in FIGS. 7A-7D, steps 701, 703, 711, 713, 721, 723, 731, and 733 are 
not limited to ordered steps in a sequence, but rather, are independent triggering events. 
Accordingly, the procedure is easily implemented sequentially in steps, or in an entirely 
event-drive manner (e.g., as in a "ripple" device). 

[0081] An example of a sequential implementation of the procedure of FIGS. 7A-7D is 
illustrated in FIGS. 8A-8B. FIG. 8 A (800, 810-825) convert the modulated signal A lb into 
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time-coordinated signals Si to Sqv6). FIG. 8B (801, 830-845) convert modulated signal A 2b 

into time-coordinated signals S(n/6+d to S(n/3). 

[0082] In this example, the procedure begins by initializing all of the time-coordinated 
signals based on A x and A 2 (800, S01). A loop is then entered, waiting for Ai to transition 
(810 and 820) and A 2 to transition (830, 840). When a transition occurs, a pointer value is 
initialized (811, 821, 831, 841), and after a delay (812, 822, 832, 842), a first time- 
coordinated signal is switched from on-to-off (823, 843) or off-to-on (813, 833). For the first 
pass through steps 812, 822, S32, and 842, the delay is preferably zero. 

[00S3] The pointer value is then incremented or decremented (814, 824, 834, 844), and a 
check is made to see whether all of the time-coordinated signals have been transitioned (815, 
825, 835, 845). If signals remain to be transitioned, the sequence loops back to the delay step 
(812, 822, 832, 842). On this second and any subsequent pass, the delay is based on at least a 
turn-off delay time At b of the switches. When all the signals have been transition, the 
sequence returns to the loop waiting for Ai to transition (810 and 820) or A 2 to transition 
(830, 840). 

[0084] The exemplary sequential implementation in FIGS. 8 A and*8B can be modified in 
numerous ways, so long as the proper sequence of time-coordinated signals are generated in 
accordance with the requirements outlined in FIGS. 7A-7D. For example, where the delay is 
placed in the sequence can be changed, as shown in FIGS. 9 A and 9B. In this example, the 
delay (916, 926, 936, 946) is preferably based on at least a turn-off delay time At b of the 
switches. 

[0085] As explained above, in order to avoid overloading the switches, it is important that 
for each branch b, never-less-than N/6 of the time coordinated signals/switches S] b to S(N/3 )b 
have a logical-off state. For this reason the delay time At b is set to at least as long as a turn- 
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off delay time of a switch with a longest turn-off delay time of the N/3 switches in a branch b 
of the multiple-level inverter bridge. This minimum delay assures that a switching delay will 
not cause more than one-half of the switches to be turned on, thereby causing an overload. 

[0086] However, this value for At b provides a threshold, and in practice, it may be 
desirable to use a larger threshold value. For example, it may be convenient to set At b to at 
least the longest turn-off delay of all of the switches of all the branches of an inverter, as such 
information may be all that is known about the inverter without testing. As another example, 
it may be desirable to set a larger threshold in anticipation of changes in performance over 
time. 

[0087] Further, "based on" At b should be understood to mean that the actual delay is no- 
less-than At b . The actual delay used must take into account the fact that the switches S Xb to 
S(N/3)b form one phase of a three phase output. For example, referring back to FIG. 2, S1-S4 
create the signal at middle-point 171, which is one phase of the drive signal to the motor. The 
actual delays used depend upon a variety of factor, such as the type of power semiconductor 
switch used, its driving method and its operating condition limits. 

[0088] Preferably, the delay sequence of the time-coordinated signals is optimized to 
achieve desired output characteristics in the three-phase signals output to the motor. In some 
cases, this will mean minimizing harmonics in the output signals. However, in some 
applications, it may be desirable to sacrifice increased harmonics for higher output power. 
Accordingly, what defines "optimal" is application specific. 

[0089] A second rule-based procedure for conversion of the six modulated signals into 
the time-coordinated is illustrated in FIG. 10. Time-coordinated-signals Si b to S(N/6)b are 
formed by adding a turn-on delay di x At b , and a turn-off delay d 2x -At b , to the modulated signal 
Aib (step 1001), and time-coordinated signals S W3)h to S(N/6 + i)b are formed by adding a turn- 
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off delay d lx -At b , and a turn-on delay d 2x -At b , to the modulated signal A 2b (step 1002). In this 
case, d u > 0, d 2x ^ 0, and x is a series of integers from 1 to N/6. Also, every d !x has a 
different value, and every d 2x has a different value. 

[0090] Whereas the first rule-based procedure outlined in FIGS. 7A-7D relies upon the 
interrelationship of the time-coordinated to create the timing sequence, the procedure of FIG. 
10 uses preset delays to generate the time-coordinates signals. Ideally, once optimized, the 
time-coordinated signals output from these two procedures will be the same for any given 
implementation. 

[0091] As a demonstration, examples implementing the second-rule based procedure for 
three, four, and five level systems are provided in FIGS. 11-13. As a further demonstration, 
exemplary timing diagrams for three, four, and five level systems are provided in FIGS. 14- 
16. In each of FIGS. 1 1-16, turn-on and turn-off delays are added to input signals in order to 
generate the time-coordinated signals for controlling the switches of a branch of an inverter 
bridge. 

[0092] The delays added to form Si to S(n/3) relative to Ai and A 2 in FIGS. 1 1-13 
respectively correspond to Sj to S (N /3) in the timing diagrams of FIGS. 14-16,. Referring to 
the second-rule procedure of FIG. 10, the delay multiplier d ix and d 2x in FIGS. 11 and 14 are 
dn = 3, d 12 = 1, d 21 = 0, and d 22 = 2; in FIGS. 12 and 15 are d u = 5, d u = 3, d 13 = 1, d 21 = 0, 
d 22 = 2, and d 23 = 4; and in FIGS. 13 and 16 are du = 7, d 12 = 5, d 13 = 3, d u = 1, d 2 i = 0, d 22 = 
2, d 23 = 4, and d 24 = 6. Note that these timing sequences also comply with the requirements 
of the first rule-based procedure (FIGS. 7A-7D). 

[0093] For systems having even higher levels, this pattern for generating the delay 
multipliers di x and d 2x can be generalized as follows: 

di x is a descending sequence of odd integers from (N/3 - 1) to 1; and 
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d 2x is an ascending sequence of even integers from zero to (N/3 - 2). 
[0094] In addition to illustrating the timing of time-coordinated signals Si-S (N /3) relative 
to modulated signals Ai and A 2 , FIGS. 14-16 also illustrate intermediate signals that can be 
used in order to construct the delays required in FIGS. 1 1-13. The intermediate signals in 
FIGS. 14-16 allow simple timing and logic circuitry to be used to construct time-coordinated 
signals Si-S ( N/3)from A) and A 2 . 

[0095] Referring to FIG. 14, a tum-on delay time of At is added to signal Ai to form 
signal C. Signal D is simply signal C, advanced by 2At. A turn-on delay time of At is added 
to signal A 2 to form signal E. Signal F is formed by advancing signal E by 2At. From these 
signals, time-coordinated signals S r S 4 are derived. Time-coordinated signal Si is equal to C 
x D {i.e., C AND D); S 2 is equal to C + D {i.e., C OR D); S3 is E + F; and S 4 is E x F. Using 
this timing scheme, the pair of modulated signals Ai and A 2 provide the basis for controlling 
the four switches S1-S4 of a branch of the three-level inverter bridge. 

[0096] FIGS. 15 and 16 show similar schemes for four and five-level systems, and the 
method is scalable to any number of levels. Note that the pattern for generating the 
intermediate signals demonstrated in FIG. 14 also holds true for FIGS. .15 and 16. For 
instance, in FIG. 16, a turn-on delay time of At is added to signal Ai to form signal C. Signal 
D is signal C, advanced by 2At. Signal E is signal D advanced by 2At. Signal F is signal E 
advanced by 2At. Signal G is A 2 with a tum-on delay of At. Signal H is signal G, advanced 
by 2At. Signal I is signal H, advanced by 2At. Signal J is signal I, advanced by 2At. As 
shown, time-coordinated Si-S 8 are formed from intermediate signals C-J using basic logic 
functions. The delay and logic requirements illustrated in FIGS. 14-16 are simple, such that 
these procedure can be implemented with rudimentary logic elements such as AND gates and 

OR gates for logic functions, and flip-flops as delay elements. 
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[0097] The second embodiment of the invention is an adapter circuit in accordance with 
the first variation of the invention, converting modulated signals Ai b and A 2 b into time- 
coordinated signals S ib to S^b- The adapter circuit is built from analog and/or digital 
circuits, and/or programmed into a programmable logic device such as a Digital Signal 
Processor (DSP), a microcontroller, a microprocessor, or a Complex Programmable Logic 
Device (CPLD) in accordance with the procedures illustrated in FIGS. 5 to 16 and as 
discussed above. 

[0098] For an analog implementation, any type of delay element can be used, such 
circuits being numerous, and well known in the art. One example is a timer circuit 
implemented to create a delay. Another example is a resistor and capacitor in series 
connected to a voltage comparator amplifier, as illustrated in Fig, 28. The amount of time 
delay is defined by the values of the resistor and the capacitor. The voltage comparator 
amplifier compares an analog voltage threshold to the changing capacitor voltage creating the 
delay time between the input signal which is injected into the resistor and the voltage 
comparator output signal. 

[0099] Once the delay time is generated, the combination between the delayed signal and 
the non-delayed or other signal may be made via a logic gate. In Fig. 28, an "AND" logic 
oate made out of diodes is illustrated combining a delayed "Signal 1" and an independently 
delayed "Signal 2." This exemplary two input AND gate is formed by connecting the anodes 
of two diodes to a resistor connected to the positive of the power supply. The inputs of the 
oate are the cathodes of the two diodes. When any of the two input signals are zero volts or 
"logic zero", the respective diode conducts and then the output (which is the anode of the two 
diodes) goes to logic zero. When both signals are "logic one" or power supply level, then 
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both diodes are blocked and the output is also at the power supply level, thanks to the resistor, 

and therefore at logic one. 

[0100] For a digital implementation, preferably a combination combinatorial (logic gates) 
and sequential circuits (flip-flops) are used. Of course, if desired for the particular 
implementation, digital and analog circuits may be interchangeably mixed. For example, 
analog delay elements may be used with digital logic gates {i.e., combinatorial circuits), or 
sequential circuits may be used with analog logic gates. Likewise, hard-wired circuits may be 
utilized in combination with programmable circuits. 

[0101] As an example of a digital implementation, FIGS. 17A-17P illustrates a preferred 
embodiment of the signal processing described in Figure 14 through a 
combinatorial/sequential digital circuit which is then embedded into a Complex 
Programmable Logic Device (CPLD). In reality the process can be implemented with analog 
or digital circuits, or with a Digital Signal Processor (DSP) or a microprocessor. 
Additionally, the combinatorial/sequential digital circuit includes control and fault 

coordination functions. 

[0102] The third embodiment is an induction motor drive system implementing the first 
variation of the invention. The induction motor drive includes at least a two-level motor 
controller outputting signals for controlling a two-level inverter bridge, a multiple-level 
bridge having N> 12 switches arranged to form 3 branches, and an adapter circuit generating 
N time-coordinated signals for controlling the N switches of the multiple-level inverter bridge 
from the signals output by the two-level induction motor controller. 

[0103] FIG. 18 illustrates signal flow within the drive system. The two-level induction 
motor controller 1800 outputs six modulated signals (A lb , A 2b ), which the adapter circuit 
1810 converts into N time-coordinated signals. The N time-coordinated signals control the 
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switches in the N switches in the multiple-level inverter 1820, which provides a three-phase 

output to an AC motor 1890. For examples of common configurations of the N switches of 

the multiple-level inverter bridge, see FIGS. 2 and 3A-3C. 

[0104] The "off-the-shelf control circuit 1800 requires certain pieces of information 
from the converter and inverter power sections of a given AC drive. The converter is the 
portion of the drive which provides the multiple voltage levels to the inverter. For example, 
the section in FIG. 1 providing the positive bus and negative bus, and the section in FIG. 2 
providing the positive bus, neutral bus, and negative bus. 

[0105] The controller 1800 uses these signals in order to derive motor data such as rotor 
position and angular speed, as well as flux position and angular speed. As illustrated in FIG. 
18, there are signals generated by the adapter circuit block 1810 that are passed to the "off- 
the-shelf two-level control circuit. The adapter circuit is synthesizing the signals that the 
"off-the-shelf control circuit needs to control the induction motor speed and torque. In the 
case of vector control, torque is regulated such that the motor will respond to quick variations 
of load, whereas with scalar control, it is not, but is a byproduct of the frequency and voltage 
output of the controller and it is only suitable for steady state conditions without load 
transients. The synthesized signals of the adapter circuit generally are: "current feedback," 
"voltage feedback," "fault" and "control coordination and timing." The adapter circuit 
illustrated in FIG. 17A-P includes this functionality. 

[0106] The "off-the-shelf motor controller 1800 needs to receive some current (IFBK) 
and voltage (VFBK) feedback signals, which are used for the speed, flux, and torque 
regulation. It also needs fault information from the inverter circuit 1820 in order to 
coordinate the appropriate shutting down sequence, and give proper feedback to the operator 
or host computer. 
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[0107] Besides giving the "off-the-shelf control circuit the required feedback and control 
signals, the adapter circuit 1810 also uses these signals internally in order to have redundant, 
and in a few cases an instantaneous, fault detection. This allows the adapter to react without 
having to wait for the "off-the-shelf control circuit. 

[0108] The signals from the "off-the-shelf low voltage motor controller 1 800 that are 
used by the adapter circuit 1810, are the two-level modulator signals A Jb and A 2b , and the 
fault and control signals to command when the AC drive is to nan or to stop. 

[0109] An example of this embodiment is illustrated for a three-level inverter bridge in 
FIG. 19. The adapter circuit 1910 receives three pair of modulated signal inputs Ai b and A 2 b 
from the two-level controller 1900, and outputs signals S lb to S(N/3)b to multiple-level in 
inverter 1920. The voltages "levels" output by the converter are sensed by the adapter circuit 
(via lines 1911), as are the current levels of the drive signals to the motor 1990 (via sensors 
lines 1912). The adapter circuit provides voltage and current feedback to the two-level 
induction motor controller 1900 based on the voltage (1911) and current (1912) feedback 
received from the converter 1930 and inverter 1920. Note that the feedback voltages 1911 
can be measured in either the converter 1930 or inverter 1920. 

[0110] From these feedback signals (191 1, 1912), fault detection is performed within the 
adapter circuit 1910. If the two-level controller 1900 detects the fault first, it signals the 
adapter circuit 1910 that a fault has occurred. However, if the adapter circuit 1910 detects the 
fault first, the adapter circuit signals a fault to the two-level controller 1900. Accordingly, 
fault and control signaling is illustrated in FIGS. 18 and 19 as bidirectional. 

[0111] The signals S i b to S(N/ 3 )b are derived from Ai b and A 2b in accordance with the 
procedures and circuits illustrated in accordance with the procedures in FIGS. 5 to 17. 
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Accordingly, the drive system illustrated in FIG. 19 for a three-level system scales to 

accommodate four-and-higher level systems as well. 

SECOND VARIATION 

[0112] The second variation of this invention utilizes only the control signals (a.k.a., 
command signals) that feed the two-level modulator inside an ordinary induction motor 
controller by transmitting these signals to a separate adapter control circuit. Generally these 
induction motor controllers use either scalar and/or vector control techniques. Scalar control 
is the oldest and simplest form of control for generating frequency and output voltage signals 
in an open-loop configuration with limited torque response. Vector control, on the other 
hand, controls the speed, flux and torque components of the induction motor in a closed loop 
configuration and therefore provides high motor performance to load torque transients. The 
separate adapter circuit includes a multi-level modulator which drives the power switches of a 
medium or high voltage inverter bridge. The method of transmitting the motor control data is 
via a serial or a parallel interface port, over any media, such as wire, fiber, or wireless. This 
allows for existing low voltage and two-level induction motor controllers to drive a medium 
or high voltage multi-level inverter bridge. 

[0113] In a preferred embodiment, vector control is utilized, with the flux and torque 
control devices (e.g., a microprocessor-based vector controller with PID loops regulating both 
torque and magnetic flux) continuously calculating the angular speed and position of the 
motor shaft and of the rotating flux of the induction motor being controlled. By comparing 
these calculated values to desired values for the motor, the same speed and torque control 
devices are able to generate torque and flux command signals. In a conventional controller, 
this comparison occurs typically one to four times per millisecond. The signals resulting 

-25- 



WO 2004/015851 PCT/US2003/019887 
from these comparisons are transformed into voltage (or current) and phase command signals 

by a conventional vector control method. 

[0114] In this preferred embodiment of the second variation of this invention, the existing 
induction motor controller outputs the vector control command signals via an interface port to 
an external circuit. The external circuit comprises an interface port and a multiple level 
modulator. Similarly, if scalar control is used instead, the controller updates and outputs 
voltage and frequency command signals via the interface port to the external adapter circuit. 

[0115] We take the off-the-shelf induction motor controller (i.e., flux and torque signals 
or voltage and frequency or their mathematically transformed components, that yield 
sinusoidal voltage (or current) and phase command signals) output signals via a serial or 
parallel port and then inject them into a specialized multilevel modulator circuit which 
generates the signals to drive the switches in a multilevel inverter bridge. The innovation of 
invention here is that we are talcing the off-the-shelf, two-level, low voltage command signals 
via a serial or parallel port into a separate circuit which has a modulator for multi-level 
inverter. The invention is in the idea of the link (passing the command signals to another 
circuit via serial or parallel port) between the off-the-shelf two-level low voltage control 
circuit and the new circuit with a multilevel modulator. The multi-level modulator may use 
any modulation method, and be of any type, whether known now or developed the future. 
Well known existing modulation methods include space vector, hysteresis, pulse-pattern, 
sine-triangle comparison, and third harmonic injection. 

[0116] Referring to FIG. 20A, utilizing vector control, the procedure comprises extracting 
the vector control command signals from a two-level induction motor controller via an 
interface port (step 2001), transmitting vector control command signals from the interface 
port of the controller (step 2002) and inputting the command signals into an external 
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modulator (step 2003), generating twelve-or-more time-coordinated signals in the external 

modulator (step 2004) and controlling the switches of a multiple-level inverter bridge with 

the time-coordinated signals (step 2005). 

[0117] Referring to FIG. 20B, utilizing scalar control, the procedure comprises extracting 
the frequency and output voltage command signals from a two-level induction motor 
controller via an interface port (step 201 1), transmitting voltage and frequency command 
signals from the interface port of the controller (step 2012) and inputting the command 
signals into an external modulator (step 2013), generating twelve-or-more time-coordinated 
signals in the external modulator (step 2014) and controlling the switches of a multiple-level 
inverter bridge with the time-coordinated signals (step 2015). 

[0118] In a preferred implementation, the existing controller's Controller Area Network 
(CAN) serial interface is used to send either the vector or scalar command signals from the 
control regulator to the external circuit, also having a CAN port. The command signals are 
then modulated via a multilevel space vector modulator, or they are transformed into three 
sine waves which are then compared to multiple levels of triangular carrier signals to generate 
multilevel pulse-width modulated signals, to drive the switches in a multilevel inverter 
bridge. 

[0119] Signal flow within the system is illustrated in FIG. 21. The "off-the-shelf two- 
level induction motor controller 2100 outputs vector and/or scalar command signals, which 
the adapter /modulator circuit 21 10 converts into N time-coordinated signals. The N time- 
coordinated signals control the switches in the N switches in the multiple-level inverter 1820, 
which provides a three-phase output to an AC motor 1890. 
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[0120] In addition to the modulator and interface circuitry, the adapter/modulator (2110) 
preferably also provides fault and control signal capabilities, as discussed in the first variation 
of the invention. 

[0121] There are time constraints to attend when controlling an induction motor in the 
sense that it can not take too long for the information to pass to the multilevel modulator, lest 
it will cause the control system to loose control of the motor. Therefore, the interface ports 
need to be fast enough. Preferably, the vector or scalar command signals extracted from the 
two-level controller should be, at a minimum, updated every millisecond. 

Vector and Scalar Control Theory 

[0122] Induction motors are non-linear systems where the torque they generate does not 
follow directly the stator current magnitude. That is because the stator current is formed by 
two orthogonal vector components: the flux generating vector which is 90 degrees out of 
phase relative to the stator voltage; and the torque generating vector which is in phase with 
the applied stator voltage. Until the advent of fast microprocessors, the way of controlling 
torque in an AC drive was to merely keep the ratio of Volts per Hertz (V/Hz) constant, in an 
open-loop fashion (i.e., scalar control). 

[0123] This scalar control mode is still widely used for those types of load that do not 
require tight speed and torque control, such as fans. It also is suitable for applications where 
one AC drive is connected to several AC induction motors in parallel. The dynamic response 
of V/Hz controls is limited by the slip frequency of the motor which can vary by hundreds of 
RPM. 

[0124] For tighter torque and speed regulation, field orientation methods or vector control 

are used. Basically, vector control, separates the flux vector and the torque vector in the 

motor current information. This is done mathematically in a process called Clarice and Park 
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Transformations. The Clarke transformation reduces the balanced three phase current signals 
ia, ib and ic, phase shifted by 120 degrees from each other, into two signals: ia and ip. 
Signals ia and ip are sinusoidal signals phase shifted by 90 degrees which represent the three 
phase vectors in an orthogonal plane. 

[0125] In order to separate the torque and the flux components of the motor current, ia 
and ip signals undergo a Park transformation which generates the signals id (the flux current) 
and iq (the torque current).' 

[0126] Once the flux and torque vectors are separated, they can be used as feedback 
signals in two distinct PID loops, used to regulate flux and torque respectively. The outputs 
of the PID loops are the voltage commands for regulating torque, Vq, and flux, Vd. They 
need to be transformed into alpha and beta components in an orthogonal stationary reference 
frame, with a reverse Park transformation, which generates the signals Va and Vp which are 
two sinusoidal signals phase shifted by 90 degrees. Va and VP are sufficient to control a 
space vector type modulator, whereas for sine-triagle modulator Va and Vp have to be 
transformed into three separate sine waves Va, Vb and Vc, phase shifted by 120 degrees, via a 
reverse Clarke transformation. These sine waves can be used in a sine-triangle modulator to 
generate the switching signals for the inverter switches. 

[0127] FIG. 29 A illustrates a conventional vector-based controller connected to an 
external inverter and AC motor. The controller includes an internal 2-level space vector 
modulator. With space vector modulation, the vector command signals provided to the 
internal modulator are a and p. In comparison, FIG. 29B illustrates another conventional 
vector-based controller, but includes a sine-triangle modulator. With sine-triangle 
modulation, Va, Vb and Vc are utilized as the command signals. As shown in these figures, a 
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value 6 is utilized in the Park transformations. The value 6 is the flux vector phase angle 
information, which is either calculated or measured. 

[0128] In the preferred embodiment illustrated in FIG. 22 of the second variation of this 
invention, either the vector command signals (i.e., flux (Vd) and torque (Vq), or the 
mathematical transformations (Va and VP or Va, Vb and Vc)) or scalar command signals 
(i.e., voltage and frequency, or their mathematical transformations (Va and Vp or Va, Vb and 
Vc)) are transferred to a second circuit (2210) external from the "off-the-shelf controller 
(2200) via a serial or a parallel interface port. Although these command signals are identified 
here as voltages, it should be understood that currents may likewise be used throughout this 
variation of the invention, and where currents are identified, voltages may be used. 

[0129] The second circuit (2210) includes a modulator to which the command signals are 
provided. A space vector modulator will require a and p command signals and therefore 
require a reverse Park Transform. A sine-triangle modulator will require a, b and c command 
signals and therefore require a reverse Clarke Transform done on a and p signals. A hyteresis 
modulator typically requires a, b and c. A pulse-pattern modulator can use either a and p or a, 
b, and c. 

[0130] For example, if the modulator is a Space Vector Multilevel Modulator, then if the 
command signals transferred are Va and Vp, the command signals may be taken directly into 
the modulator without transform, as illustrated in FIG. 30A. If the modulator is a multilevel 
sine-triangle modulator, then if the command signals transferred are Va, Vb and Vc, the 
command signals may again be taken directly into the modulator without transform, as 
illustrated in FIG. 30B. On the other hand, with a multilevel sine-triangle modulator, if the 
command signals transferred are Va and Vp, an inverse Clarke Transformation is performed 
to obtain Va, Vb and Vc for feeding the modulator. Similarly, with any of these modulator, if 
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the command signals transferred are Vd and Vq„ then the appropriate mathematical 

transformations are done depending on the type of multilevel modulator used, such as 

illustrated in FIGS. 30C and 30D. 

[0131] The command signals to be transferred are preferably chosen according to their 

availability and ease of transfer via the parallel or serial interface port. The modulator then 

generates the twelve-or-more signals Si b -S(N/3)b that control the switches of the inverter bridge 

(1920). 

[0132] The drive system illustrated in FIG. 22 is for a three-level system. As with the first 
variation, the system scales to accommodate four-and-higher level systems. 

Two-level Sine-triangle Modulator 

[0133] As a further explanation of such modulation schemes, and to contrast the first and 
second variations of the invention, two-level sine-triangle modulation is illustrated in FIGS. 
23A-23C. FIG. 23 A shows the three sinusoids extracted from the vector control signals 
(Vcontroii, v C ontioi2 5 v coau - 0 i 3 ), together with a triangular-waveform carrier (v^) used to convert the 
sinusoids into pulse- width modulated signals. The frequency of the sinusoids is the desired 
motor frequency. By varying the frequency of the sinusoids, the motor shaft speed is 
changed. The amplitude and the phase of the sinusoids are dependent on the motor torque 
and motor flux requirements in case of vector control. In case of scalar control the amplitude 
of the sinusoids is independent of the motor status. The carrier frequency is set based on the 
switching frequency capability of the power semiconductor switches, as well as the drive's 
cooling capability. 

[0134] The three pairs of modulated signals (Ai b and A 2b ) output from the Two-level 

Sine-triangle Modulator are generated by comparing the carrier frequency and the sinusoids. 

For example, to generate a pulse- width modulated signal An, An is set low when the carrier 
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signal exceeds the sinusoid v CO ntroii 5 as shown in FIG. 23B. Similarly, pulse-width 

modulated signal A u is set low when the carrier signal exceeds the sinusoid v cont roi2, as 

illustrated in FIG. 23C. 

[0135] Performing a phase-to-phase voltage comparison, subtracting Ai 2 from An, as 
shown in FIG. 24, the superimposed sine wave shows the fundamental portion of the 
pulsating waveform. A spectrum analysis of the resulting output voltages from the inverter 
(FIG. 25) shows this fundamental, as well as the carrier and harmonic contents. 

[0136] The fundamental component is important because it is the critical to generating 
useful torque in an induction motor. Harmonics generate vibrations and heat, and are 
therefore considered losses. As shown, the spectrum analysis of the output voltage has a 
strong fundamental component at 60Hz, as well as the carrier frequency component with its 
harmonics. 

[0137] This two-level spectrum analysis is consistent with the output of a two-level 
inverter driven by an "off-the-shelf two level control circuit, and is also consistent with the 
output of a multiple-level inverter in accordance with the first variation of the invention. Li 
other words, the harmonic content of the drive voltages in the first variation of the invention 
are consistent with the harmonic content characteristics of the six modulated signals output 
from the two-level controller, upon which the twelve-or-more signals are based. 

Multilevel Sine-triangle Modulator 

[0138] FIG. 26A show the four level sine-triangle modulation wave forms. Depicted are 

one of the three-phase sine waves output from a four-level inverter bridge (the sine wave has 

the third harmonic injection, which distorts the sine wave but allows for higher output 

voltages), as well as the three vertically staggered in-phase triangular carrier signals which 

create the switching signals for the four-level inverter bridge having six switches per phase. 
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The resulting switching states are apparent in the phase output voltage (one-of -three) in FIG. 
26B, as would be output by the four-level inverter branch illustrated in FIG. 3B. 

[0139] Whereas a two-level Sine-triangle Modulator has only one triangular carrier signal 
as depicted in FIG. 23A, a three-level Sine-triangle Modulator has two vertically staggered in- 
phase triangular carrier signals to generate the switching signals for the four switches per 
phase of a three-level inverter bridge (FIG. 3A) four switches per phase. A five-level Sine- 
triangle Modulator would have four vertically staggered in-phase triangular carrier signals, a 
six-level system would have five carriers, and so on. 

Space Vector Modulation 

[0140] The three-phase balanced output voltages of an inverter bridge can be represented 
by a rotating voltage vector. An inverter bridge with any number of levels has a finite number 
of switch states proportional to the number of switches which is proportional to the number of 
levels. For example, a two-level inverter bridge can generate eight discreet voltage states or 
fixed voltage vectors, while a three-level inverter bridge can generate twenty-seven voltage 
states or fixed voltage vectors. The voltage vector that represents the three-phase output 
voltage may assume infinite number of positions from zero to three-hundred-and-sixty 
degrees. 

[0141] The Space Vector Modulator identifies the position of the output voltage vector in 
relation to the fixed voltage vectors of a given inverter bridge. It will always fall between two 
adjacent fixed voltage vectors. The modulator then creates a weighted average of these two 
adjacent fixed voltage vectors by varying the duty cycle between the two fixed vectors, during 
the switching period (which is defined by the switching frequency, which needs to be 
significantly higher than the fundamental frequency, i.e., if the fundamental frequency is 
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60Hz, the switching frequency needs to be several times higher) in order to reproduce the 

given output voltage vector. 

[0142] The advantage that a Space Vector Modulator presents is that it can reduce the 
switching frequency in comparison to a Sine-triangle Modulator, for a given output harmonic 
distortion. Increasing switching frequency will always reduce harmonic distortion but the 
consequence is increased power losses in the switches. Therefore, any modulation scheme 
which obtains a certain level of harmonic distortion, but with reduced switching frequency, 
brings a great advantage. 

Hysteresis Modulation 

[0143] The sinusoids that are generated by the control devices (which are also called 
reference signals) of an off-the-shelf induction motor controller, can be compared with the 
actual value of motor current or flux (the motor flux can be obtained by integrating the motor 
voltage) via a digital or analog comparator circuit with a pre-defined hysteresis. This 
hysteresis is measured in volts in case of a voltage source inverter, or in amperes in case of a 
current source inverter. If a digital comparator circuit is used, the actual value signals (also 
called feedback signals) need to be digitized via an analog-to-digital converter. The actual 
values of current or voltage are obtained with voltage or current sensing devices that are 
located inside the AC drive circuit. The output of the comparators is a pulsating signal that 
feed the switches of the three-phase inverter bridge. The resulting drive output is equal to the 
scaled reference signal, plus or minus the hysteresis value of the comparator circuit. 

Pulse Pattern Modulation 

[0144] The data generated by the scalar or vector control devices can be referenced to a 
number of pulse patterns stored in a digital circuit memory device, normally referred to as a 
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table, such that each value of those control signals will call out a certain pulse pattern from 
the table that activate the AC drive inverter bridge switches. Even though this process 
requires a very fast microprocessor or digital logic circuit, it may allow for the AC drive 
output to have lower harmonic distortion by providing a pre-defined or pre-engineered 
inverter switch state to generate the output voltage and current. 

Comparison Between Variations 

[0145] There is a fundamental difference between the two variations of the invention in 
respect to the output voltage waveform obtained, which explains the difference in harmonic 
contents. The first variation of this invention manipulates the six modulated signals from the 
"off-the-shelf controller and creates from them, twelve-or-more signals of a three-or-more 
level inverter bridge. The resulting medium-or-high voltage output is a two-level PWM 
voltage waveform just like the output of the low voltage AC drive, except for the higher 
voltage levels. This is why the first variation of the invention has high harmonic content as 
depicted in FIG. 25. 

[0146] The second variation of this invention takes the control output signals of an off- 
the-shelf low voltage AC drive, via serial or parallel interface, and uses them in conjunction 
with a specialized multilevel modulator that generates twelve-or-more driving signals for the 
three-or-more level inverter bridge. The resulting medium-or-high voltage output is a three- 
or-more level PWM voltage waveform which resembles much closer the shape of a sine 
wave, and therefore has lower harmonic distortion than the first variation of the invention. 

[0147] Figure 27 A-C show the output voltage waveforms for a three-level drive 

implementing the second variation of the invention. These wave forms are valid for any type 

of three-level AC drive using a three-level modulator. The phase voltage in FIG. 27A is 

measured between any of the three signals supplied to the motor {e.g., signals at 171-173 in 
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FIG. 2) and the neutral point between the two capacitors at the output of the rectifier bridge 
(Le. f "neutral bus"). The line-to-line voltage in FIG. 27B is measured between any two of the 
three signals supplied to the motor. The line current illustrated in FIG. 27C is the motor 
current in any one of the three outputs to the motor. 

[0148] The waveforms of 26B and 27A-C are an improvement over the two-level results 
illustrated in FIG. 24, which shows the line-to-line output voltage of a two-level AC drive 
superimposed by a sine wave that represents the fundamental component of that PWM 
wavefomi. When one compares the results from the two-level system with those of three-or- 
more level systems, one can see the much closer resemblance to a sine wave in the three-or- 
more level systems than in the two-level output. The closer the resemblance to a sine-wave, 
the more the carrier frequency component is reduced in the spectral analysis. 

[0149] Both variations of the present invention allow for any of the existing, low cost, 
controllers, with their pre-designed complex front-end, man-machine interfacing, and motor 
control algorithms, to be utilized to drive a multilevel medium or high voltage motor. 

[0150] It is contemplated that numerous modifications may be made to the embodiments 
and implementations of the present invention without departing from the spirit and scope of 
the invention as defined in the following claims. 
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